INTRODUCTION
The concept of damage control surgery (DCS), introduced over the last two decades, has radically changed the surgical approach to major trauma and penetrating abdominal injuries in particular. [1] [2] [3] [4] In penetrating abdominal injuries, DCS means a laparotomy, control of haemorrhage and visceral contamination, temporary abdominal closure and transfer of the patient to the intensive care unit. Temporary abdominal closure allows a relatively quick means of ending a laparotomy, reduces the risk of abdominal compartment syndrome and demands a need for a second-look laparotomy to search for further injuries. This second-look laparotomy is performed when the patient's physiology has normalised, usually at 12-72 h after the damage control procedure.
Closure of the midline abdominal wall fascia and skin at this second procedure is usually straightforward. However, in the context of significant injury to the abdominal wall, especially following tissue loss due to combat-related trauma from blast, fragmentation or multiple gunshot wounds, this may prove challenging. Furthermore, severe oedema or dilatation of the bowel may prevent closure of the abdominal wall without causing ischaemia to the abdominal wall or the abdominal contents. This article uses a series of cases to illustrate a simple algorithm for the staged management of complex abdominal wall problems.
PATIENTS AND METHODS
Five Afghan adult male patients were admitted to the Role 3 Medical Treatment Facility (MTF) in Camp Bastion, Afghanistan between July and November 2012 following ballistic trauma. All had suffered penetrating abdominal injuries with bowel perforation and significant peritoneal soiling at the time of injury; they all had loss of abdominal wall skin, muscle and fascia. The grading system of abdominal wall injury described by Dennis et al 5 following blunt abdominal trauma was adopted, as there is minimal literature regarding abdominal wall injury following major penetrating trauma (Table 1) .
Initial management of all five cases involved damage control (abbreviated) surgery with bowel disconnection, thorough peritoneal lavage with the abdomen left open with a topical negative pressure (TNP) dressing; extremity wounds were debrided and dressed with TNP ( Table 2 ). The following case reports focus on the management of the abdominal wall following the principles outlined in the (Box 1).
Key messages
▸ Complex abdominal wall wounds result from battlefield injuries. ▸ Topical negative pressure and dermal-holding sutures can prevent loss of abdominal fascial domain while waiting for control of sepsis and a resolution of oedema. ▸ A multidisciplinary team is essential for management. ▸ A simple algorithm is provided to help in the decision making for the most appropriate means of definitive closure. 
Report Documentation Page

Case 2
Initial DCS involved laparotomy, packing of the liver and bowel disconnection. Bowel was anastomosed at 48 h; closure by component separation was initially attempted, but after raising of the suprafascial flaps it was considered that the abdomen would be too tight to close even allowing for the extra length that would be created, this was therefore abandoned before the fascial components were separated. The reason for the difficulty was due to the combination of the loss of abdominal wall from injuries and debridement and significant bowel oedema and dilatation from the ileus. The abdomen was left open, and subdermal-holding sutures inserted and covered with TNP dressing. An multidisciplinary team (MDT) decision was made to wait until the oedema and ileus had settled before any further attempts were made to close the abdomen; bowel function was slow to improve due to the systemic sepsis. It was only Box 1 Some of the principles of management of the open abdomen associated with major penetrating trauma 'Join the wounds principle': We tried if at all possible to connect wounds near the midline when making the initial laparotomy wound, dissecting in a suprafascial plane until the linea alba was reached. Though it did not give the usual simple midline incision it prevented being left with small bridges of healthy tissue surrounded by damaged areas that subsequently need debridement causing even more loss of domain.
Topical Negative Pressure: We used topical negative pressure in all situations over both the open abdomen and the fascia when this was closed but the skin was open. Whenever visceral contents were exposed, a non-adherent, protective barrier such as a sterile plastic cover for radiography devices was used to protect the viscera from direct content with the suction device. The TNP removed excess tissue fluid, reduced the bacterial load to the wound and encouraged tissue granulation.
Dermal Holding Sutures: Heavy (0 PDS) sutures placed into the dermis were particularly good at preventing loss of domain while waiting for resolution of bowel oedema and paralytic ileus. In case 2 we had already dissected the fascia from the skin with a plan to proceed to components separation before this was abandoned because the gap was too large. In this situation the dermal holding sutures worked well at preventing loss of skin domain but did not prevent the loss of the fascial domain. In cases 3, 4 and 5 there had been no dissection of the fascia and dermal holding sutures worked well at preventing loss of both the skin and fascial domains. The preferred approach following these few cases was to use dermal holding sutures early (from the point of the first relook) without any separation of the skin and fascia. When the abdomen is open the sutures would be placed above the TNP dressing to prevent the taut sutures potentially damaging the bowel. This way the both the skin and fascia are in relatively good condition when it is finally deemed that they are ready for definitive closure.
Delayed skin closure: Closing the skin when there is any evidence of sepsis invariably leads to on-going skin wound sepsis, failure to heal, and potential fascial dehiscence. The advantage of the dermal holding sutures was that the skin could be left open after fascial closure with TNP underneath so that the wound would be clean, healthy and granulating prior to closure. considered reasonable to close his abdomen on Day 10. We found, however, that because the skin had already been separated from the fascia of the rectus sheath (following the abandoned components separation) that the subdermal-holding sutures were not as effective at preventing the rectus sheath retraction as in the other cases; at the subsequent re-look it was not possible to perform a component separation. Polygalactin mesh (Vicryl, Ethicon, USA) was inserted as an inlay and TNP dressing using foam placed to encourage granulation (Figure 2A , B). Seven days later he underwent a successful split skin graft to his abdominal wound. He was discharged back to a local facility with a plan to close his ventral hernia in 1 year's time.
Case 3
The patient was injured by a through and through gun shot wound with evisceration of bowel ( Figure 3A) . At laparotomy there was injury to the colon with faecal contamination, and the zone of injury of the exit wound was much wider than the actual hole with the area of devitalised tissue corresponding to the bruising ( Figure 3B) ; following bowel disconnection, lavage and debridment, the abdomen was left open. The bowel was reanastomosed at 48 h, and the midline wound closed. The flank wound was closed under a moderate amount of tension using pulley sutures through the surrounding muscle and fascia, and an on-lay polygalactin mesh placed over this. Dermal-holding sutures were placed over the midline wound and the flank wound. By Day 20, it was possible to close the midline skin wound by delayed primary closure, but a split skin graft was required for the flank wound.
Case 4
The patient underwent DCS wounds following IED injury, with debridement of all with a TNP dressing to his abdomen. On second look in theatre, these small wounds on the abdomen were found to be still grossly contaminated and infected and needed further debridement resulting in the loss of almost 50% of the abdominal skin and subcutaneous tissue. Initial attempts to close the skin were not successful, so dermal-holding sutures were placed, and on Day 20 it was possible to close the midline wound, but he did need a split skin graft to cover all the areas of debridement.
Case 5
The patient suffered significant blast and fragmentation injuries from military grade ordnance with wounds to his abdomen, legs and right buttock and hip joint. Initial DCS involved laparotomy, small bowel disconnection, and debridement and packing of the cavity of his right buttock. There was significant disruption of the abdominal wall musculature ( Figure 4A ) Bowel was reanastomosed at Day 2, but due to ongoing sepsis, he had a significant ileus ( Figure 4B ). His abdomen was left open with dermal-holding sutures to prevent retraction of the skin ( Figure 4C,D) ; the abdomen was closed at Day 10 ( Figure 4E ) but unfortunately he died at Day 13 due to systemic sepsis. 
Reconstructive options
Loss of abdominal wall may result from the initial injury and the subsequent debridement. Early discussion within a multidisciplinary setting started at the first re-look operation (at 12-72 h) when it became obvious that simple abdominal closure alone would not be an option. The multidisciplinary team included the general surgeons, plastic surgeon, burns and plastic surgery nurse specialist, microbiology, intensive care, the hospital medical director and the orthopaedic surgeons if there was concomitant bony or extremity injury. Our understanding of the problems associated with these injuries, and especially the use of dermal-holding sutures evolved over the course of this series.
Following marginal debridement of all necrotic material, 6 the treatment decisions could be divided into the following: ▸ conservative management using TNP with re-look surgery in 12-72 h ▸ delayed primary closure of fascia and/or skin using dermalholding sutures in combination with TNP to gradually recruit tissue. 7 Dermal-holding sutures were placed with 0 loop polydioxanone suture (PDS) into the subcutaneous layer and taking a firm bite of the dermal layer-it did not pierce the epidermis or the rectus abdominis fascia. The tension of the sutures is enough to prevent retraction, but did not attempt to close the wound ▸ components separation of the musculoaponeurotic abdominal wall 8 ▸ vicryl mesh to close the abdominal fascial defect ▸ skin grafting either directly onto muscle or fascia, or onto the vicryl mesh once granulation was established.
Once the patient's physiology had improved, they could be extubated and fed, even with an open abdomen; hence, decisions after this could be based purely upon the surgical needs of how best to close the abdominal wall. As surgical follow-up was not readily available in Afghanistan, the preferred approach was to avoid implanting foreign materials because of the risk of infection and the need to repair a ventral hernia, however, where this was not possible (ie, cases 2 and 3) we used polygalactin mesh. 
Flow chart
After reviewing the management of these five cases and the principles followed, a simple treatment algorithm was conceived ( Figure 5 ). It was important not to be too hasty with closure if there was further tissue to debride, any evidence of tightness or ongoing sepsis. Dermal-holding sutures, in combination with vacuum dressings prevented retraction of the skin and musculoaponeurotic abdominal wall, providing no dissection to separate the two layers had been performed; this made primary fascial closure a much more viable option once the abdominal wall oedema and bowel dilatation from ileus had settled. The skin should be left open after delayed primary closure of the fascia to reduce the risks of wound infection leading to dehiscence. Once the risk of wound sepsis has passed, and the tissue is clean and granulating, a decision can be made to either proceed to delayed primary skin closure or split skin graft for large skin defects. 9 
DISCUSSION
The first description of a series of laparostomies was by Steinberg in 1979. 10 During the early 1980s, a number of groups described the physiological events associated with major abdominal trauma, such as coagulopathy 11 and abdominal compartment syndrome, 12 13 and the benefits of DCS and laparostomy were highlighted. 1 4 14 The use of a temporary vacuum dressing to collect exudate was first described by Brock et al in 1995. 15 It was not until the 1990s that the problems with laparostomy started to be addressed. One of the disadvantages of the open abdomen approach is the loss of the musculo-aponeurotic fascia and skin domain, 16 and failure to be able to subsequently close the abdomen following this approach has been reported in up to 60% of cases. 17 This is particularly an issue when associated with military patterns of wounding, as there can be significant abdominal wall damage from blast, shrapnel and high-energy transfer gunshot wounds. Feliciano and Burch 12 described various ways to temporarily close the abdomen, and the second-order effect of these large abdominal defects. In 1994, Fabian et al 18 described an initial series of over 80 patients with open abdomens closed by either permanent mesh, vicryl mesh or a modification of Ramirez' original method of components separation. These authors concluded that the modified components separation was good for smaller defects, while vicryl mesh was better for larger defects.
TNP dressings are now standard practice for UK military combat wounds. There is little in the way of randomised controlled trial evidence for their use in the military setting, 19 20 but they have been shown to be very effective at exudate management and wound isolation. 21 A number of groups have used TNP dressings in combination with sutures placed through the rectus abdominis fascia to recruit tissues following retraction of the abdominal wall. TNP dressings in conjunction with vacuum-assisted devices have also been described as helping in the management of the open abdomen. 22 23 Garner et al, 24 and Miller et al 25 described the use of serially smaller VAC sponges (KCI International, San Antonio, Texas, USA) placed beneath a running skin suture in order to prevent retraction of the abdominal wall. In a prospective case series using this method, Miller et al 25 obtained a primary abdominal closure rate of 88% at a mean of 9.6 days (range 1-21 days), with no increase in enteric complications or abdominal compartment syndrome being reported.
Procedures, such as mesh closure of the open abdomen, have been described, 25 26 and in the only randomised controlled trial showed no statistical difference in complications between TNP compared with polyglactin mesh closure 27 ; though both groups of this trial underwent skin grafting and delayed repair of the resulting ventral hernia. It was felt that permanent or polyglactin mesh closure had disadvantages in a field hospital because the risks of infection and the lack of surgical follow-up meant there may be no possibility of local national patients having ventral hernia repair at a later stage. Other techniques, such as the Wittman patch, were not available in this setting. 28 Components separation has the advantage of using the patient's native abdominal wall, but may be more challenging to perform if there has been damage to the rectus muscle. Its use in the acute setting has only recently been described, 29 but anecdotally has been used in austere environments with great success allowing approximately 14 cm of additional laxity. 30 We found that the benefits of dermal-holding sutures allowed time for the visceral oedema to settle, sepsis to be managed and ileus to resolve without loss of domain. As time went on, confidence in simply waiting until conditions were optimal before attempting definitive closure increased. Skin closure would be further delayed until all risks of wound sepsis had passed and the underlying tissue was granulating. The advantages in a resource-limited environment are the benefits of getting primary closure at the initial admission as returning for follow-up surgery after months may prove difficult to coordinate.
CONCLUSION
We found the most crucial factor in the management of patients with complex abdominal wall defects following penetrating trauma was having a multidisciplinary team available so that all aspects of clinical care and logistics could be taken into account. Dermal-holding sutures, in conjunction with TNP dressings, allowed time for the ileus, bowel oedema and sepsis to settle prior to choosing the most appropriate means of abdominal wall closure. A simple algorithm was developed to help with decisions regarding management and subsequent closure of the abdominal wall.
